Introduction
Thermoelectric materials can directly convert thermal energy into electricityor vice versa, through the so called Seebeck effect and Peltier effect, respectively. The phenomena are the basis of the operation of thermoelectric generators(TEG) and thermoelectric refrigerators (TER).Practical TEG or TER employs one or more thermoelectric modules, in which thermoelectric materials are used as thermoelectric elements. A thermoelectric module is composed of several pairs of p-type and n-type thermoelectric elements connected electrically in series but thermally in parallel. The thermoelectric performance of a thermoelectric element can be evaluated from the material's electrical power factor, P = S 2 /ρ, or the dimensionless thermoelectric figure of merit, ZT = S 2 T/ρκ, where S is the Seebeck coefficient,ρ is the electrical resistivity,κ is the thermal conductivity, and T is the absolute temperature [1, 2, 3] .
The search for thermoelectric materials with high efficiency has paid attention on several metal oxide compounds,including NaCoO 2 [4, 5] and ZnAlO [6, 7] . The former exhibits p-type conduction while the latter is n-type. There have been numerous reports on the preparation of thetwo compounds using different techniques, in the form of powders, bulks, and thin films [8, 9, 10, 11] . However, employing these thin films as the p-n elements of a thermoelectric modulehas not been reported. This is of interest for our study.
In this paper, the investigation of thin film deposition from the p-NaCoO 2 and n-ZnAlO targets using a bipolar pulsed-dc magnetron sputtering systemis reported. The results of crystal structure, elemental composition and thermoelectric property measurements of the deposited thin films are present. Fabrication and testing of a thermoelectric module made from the thin films are reported and discussed.
Experimental Procedures
Preparation of Thin Films. Figure 1 shows the schematic diagram of a bipolar pulsed-dc magnetron sputtering system used for thin film preparations in this work. Details of a system have been given elsewhere [12] . The depositions were carried out under an argon atmosphere (Ar 99.999%, at the gas flow rate of 23.3±0.1 sccm and total pressure of 70 mTorr) using the p-NaCoO 2 and n-ZnAlO targets of 60 mm diameter and 3.0 mm thickness. The substrates were Al 2 O 3 :clayceramics (25×25×3 mm 3 )placed at the distance of 5.0 cm above the target without additional heating facility. The pulsed-dc power applied to the targets was operated at approximately 17 kHz, with the sputtering on-time (−t on ) of 20 µs, the reverse sputtering on-time (+t on ) of 10 µs, and the pulse off-time (t off ) of 14 µs. The negative voltage pulse/current at the target were 440±15 V/90 mA, and 600±15 V/120 mA forp-NaCoO 2 and n-ZnAlO targets, respectively. The positive voltage pulse (+V) was set at 100±10 V for both targets.The deposition time was 60 min for each sample. The optical emissions from plasmasduring the thin films deposition were observed in the wavelength range of 360-800 nm using a high resolution spectrometer (the getSpec-2048 spectrometer, Sentronic GmbH). The spectral lines were indexed to the Atomic Spectra Database (ASD) of National Institute of Standards and Technology (NIST).
Fig. 1 Experimental setup of a bipolar pulsed-dc magnetron sputtering system
Thin Films Characterizations.The thin films of 20.0×20.0 mm 2 were prepared for crystal structure, elemental composition, thickness, and thermoelectric property determinations. The crystal structure of the as-deposited films was investigated by using the x-ray diffractometer (XRD-6100 Shimadzu), withthe CuKα radiation, λ = 0.15406 nm, θ-2θ scan in the 2θ angle range of 25 o ≤2θ ≤ 65 o and at the scanning rate of0.02°/sec. Elemental composition analysis was carried out by the energy dispersive spectroscopy (EDS, JEOL JSM-5410). Film thickness determination was estimated from the cross-sectional images from the scanning electron microscope (SEM, JEOL JSM-5410).Charge carrier typesand Seebeck coefficient were determined by the hot probe and the standard steady state measurements using the setup as schematicallyshown inthe figure 2(a).Electrical resistivity was measured by the standard four-probe method of Van der Pauw, as schematically shown in thefigure 2(b). Fabrication and Testing of a Thermoelectric Module.A thermoelectric module was fabricated from three pairs of the p-type and n-type thin film stripes (each of 2.5 mm in width and 20.0 mm in length) deposited in parallel next to each other on a ceramic substrate and connected in series by using sputtered copper thin films as connectors as shown in the figure 3(a) . The module patterning was achieved by mean of masking with copper masks during the thin film depositions. For preliminary test at room temperature, themodule was used for electrical power generation as shown in the figure 3(b) . A hot plate was placed on a module to provide heat source at temperature T H ,while a cold plate (heat sink)at temperature T C was opened to air. The opencircuit voltage (V OC ) and the short circuit current (I SC ) of the module were measured as a function of the temperature difference (∆T = T H −T C ). ) is detected, but it is not intense due to the strong line of this species is not in measured range. The optical emission spectra show that Na, Co, Zn, Al, and O atoms were successfully sputtered from the corresponding targets. Hence, we can expect that the deposited films will be Na-Co-O (NCO) and Zn-Al-O (ZAO) for the NaCoO 2 and ZnAlO targets, respectively. figure 5(b) .Furthermore, no trace of crystalline aluminium is detected in the XRD pattern.Thus, it appears that polycrystalline ZnO doped with Al can be grown at the low substrate temperature. This implies that only the energy provided by the pulsed-dc plasma to the depositing atomic speciesis sufficient to promote the Al-doped ZnOcrystal formation. The EDS spectra,the figure 6(a) and (b) clearly reveal the Na, Co, O and Zn, Al, O contents of the as-deposited NCO and ZAO film/substrate samples, respectively. The spectra confirm that the sputtered species observed by the OES during the sputtering of each target were deposited onto the substrates. However, the quantitative analysis of the elemental compositions of the thin films is inconclusive due to the obscuring in the EDS spectrum by the O and Al contents of the substrates. From the cross sectional SEM images in the figure 7(a) and (b), the thicknesses of the NCO and ZAO films are about 0.63 and 0.58 µm, for the deposition time of 60 minutes, corresponding to the deposition rates of 10.5 and 9.7 nm/min, respectively. Thus, the employed deposition technique is feasible for applications where thin films of several hundreds of nanometer are required. From the assessment of thermoelectric properties and efficiency, it was found that the NCO film exhibited p-type conduction with S = 178.74µV/K, ρ = 102.42Ω⋅cm, P = 0.03µW/m⋅K 2 , while the ZAO film was n-type with S = −34.33µV/K, ρ = 0.01Ω⋅cm, P = 14.39µW/m⋅K 2 .The types of conductions of the films agree well with those have been previously reported [8, 9, 10, 11] . However, the NCO film shows very high electrical resistivity. This is likely because it was grown in amorphous phase, as revealed by the XRD measurement. As a result, the thermoelectric power factor of the NCO film is about three orders of magnitude as small as that of the ZAO film. This might have strong effects on the thermoelectric performance of a module containing the p-NCO film as one leg of the thermoelectric elements.
Preliminary Test Results of the Thermoelectric Module.
The built thermoelectric moduleof p-NCO and n-ZAO thin films was tested for the electrical power generation. The result is shown in the figure 8. It can be seen that the open-circuit voltage increaseslinearly with the increasing temperature difference from 5 K to 80 K, up to26.0 mV for the temperature difference of 79.3 K. The average conversion ratio is approximately 0.34 mV/K.However, the short circuit current of the module, in the applied temperature difference range, was too small to be detected. This is likely a result of the module's very high series resistance contributed from the high resistance NCO films. Therefore, the module is not yet capable of generating electrical power across an external load. 
Summary
Thin films of p-NCO and n-ZAO prepared on ceramic substrate by the pulsed-dc magnetron sputtering method were used to make a thermoelectric module.The built module can generate the open circuit voltage up to 26.0 mV at the temperature difference of 79.3 K but is unable to deliver a useful electrical current to an external load due to high internal series resistance. Nevertheless, the thermoelectric module containing these thin films is considered as an interesting platform for further research. The investigation on the improvement of the thermoelectric module performance by improving the thermoelectric power factor of the NCO film to match that of the ZAO film is of particular interest.
